Electrically conductive pili (e-pili) enable electron transport over multiple 11 cell lengths to extracellular environments and play an important role in extracellular 12 electron transfer (EET) of Geobacter species. To date, the studies of e-pili have 13 mainly focused on Geobacter sulfurreducens and the closely related Geobacter 14 metallireducens because of their developed genetic manipulation systems. We Surprisingly, strain GSP was deficient in Fe(III) oxide reduction and current 25 production due to the impaired content of outer-surface c-type cytochromes. These 26 results demonstrated that heterologous pili of G. sulfurreducens severely reduces the 27 content of outer-surface c-type cytochromes and consequently eliminates the capacity 28 for EET, which strongly suggests an attention should be paid to the content of c-type 29 cytochromes when employing G. sulfurreducens to heterologously express pili from 30 other microorganisms. 31 IMPORTANCE The studies of electrically conductive pili (e-pili) of Geobacter 32 3 species are of interest because of its application prospects in electronic materials. e-33
Introduction
Geobacter species have a unique ecological niche due to their capability of 46 extracellular electron transfer in diverse anaerobic environments (1) . Electrically 47 conductive pili (e-pili) are capable of transporting electrons along its length to 48 extracellular environments and play an important role in the extracellular electron 49 transfer of Geobacter species (2) . e-Pili are required for Fe(III) oxides reduction by 50
Geobacter species in sediments and soils because it can permit cells to make direct 51 connections with insoluble electron acceptors multiple cell lengths from the cell 52 surface (3, 4) . e-Pili networks confer the ability of Geobacter species to produce high 53 current densities and form thick biofilms in bioelectrochemical systems (1, 5) . e- Pili 54 of Geobacter species that function as electron donating partners can promote direct 55 interspecies electron transfer (DIET) with methanogens to produce methane in 56 anaerobic digestion (6, 7) . In addition, e-pili serve as a sustainable electronic material 57 with diverse potential applications (2, 8) . 58
To date, most studies of e-pili have mainly focused on Geobacter sulfurreducens 59 and the closely related Geobacter metallireducens because of their developed genetic 60 manipulation systems (4, (9) (10) (11) . The functions of pili and other proteins involved in 61 extracellular electron transfer have been characterized in both Geobacter strains by 62 evaluating the phenotype of gene deletions (4, 9, (12) (13) (14) (15) . However, the roles of pili of 63 other microorganisms that have similar pilin monomer genes as G. sulfurreducens 64 (16) , especially difficult-to-culture microorganisms, are very difficult to study because 65 of the lack of tools for genetic manipulation. Additionally, the conductivity of pili in 66 these microorganisms is technically challenging to evaluate because of the tiny 67 diameter of e-pili (ca. 3 nm). Another option to rapidly screen potential e-pili from 68 diverse microorganisms is by heterologously expressing pilin genes in G. 69 sulfurreducens in place of its native pilin gene (2, 16) . Only If the heterologous pilin 70 gene of G. sulfurreducens yields e-pili, the host will have the ability to generate high 71 current densities on graphite electrodes (2, 16) . In addition, the heterologous 72 expression of pili from other microorganisms in G. sulfurreducens provides an 73 alternative strategy to evaluate the conductivity of their pili in a common host (16, 74 17) . For example, heterologously expressing the pilin gene of G. metallireducens in 75 G. sulfurreducens yielded e-pili with 5,000-fold higher conductivity than its host (17) . 76
Geobacter soli, distinct from G. sulfurreducens (18) and G. anodireducens (19) , 77 was the first Geobacter species isolated from forest soil (20) . The physiological 78 properties of G. soli are different from those of G. sulfurreducens, and these 79 properties determine its special environmental significance, although both strains are 80 highly similar based on phylogenetic analysis (20) . For example, G. soli can 81 anaerobically oxidize aromatic compounds, including phenol, benzoate and 82 benzaldehyde, while G. sulfurreducens cannot (20, 21) . In addition, G. soli has faster 83 Fe(III) oxide reduction and higher current production than G. sulfurreducens (Fig. 84 S1), which implies its stronger capacity of extracellular electron transfer compared to 85 G. sulfurreducens. G. soli pili is truncated, similar to G. sulfurreducens, which is a 86 key feature for microorganisms to assemble into e-pili (11, 22) . The pilin gene of G. 87
soli was predicted to encode e-pili by genome data analysis and phylogenetic analysis 88 (22) . Therefore, it is of interest to elucidate the role of G. soli pili in extracellular 89 electron transfer, which might account for its special physiological characteristics. 90
In this work, the pilin gene of G. soli was directly deleted and heterologously 91 expressed (i) to explore the role of G. soli pili in Fe(III) reduction and current 92 production, (ii) to investigate the conductivity of G. soli pili and (iii) to further 93 evaluate the conductivity of G. soli pili compared with G. sulfurreducens pili. 94
Establishing an additional model of e-pili in G. soli will improve our understanding of 95 their biological role in extracellular electron transfer and provide alternative electronic 96 materials in biological applications. 97
98

Results
99
Pili of G. soli is electrically conductive. The pilin of G. soli has 95% amino acid 100 sequence similarity and slightly higher aromatic amino acid content (10.8%) than G. 101 sulfurreducens (9.8%) because it has an additional tyrosine at position 63 ( Fig. 1 ). The 102 conductivity of G. soli pili was directly measured by CP-AFM, and the results showed 103 that it was half that of G. sulfurreducens (Fig. 2a, 2b, Fig. 5 and Fig. S2 ). The 104 conductivity of Geobacter pili spans a very wide range, from 5,000-fold higher (G. 105 metallireducens) to 150-fold lower (G. uraniireducens) compared with G. 106 sulfurreducens (17, 23) . Thus, we believed that the conductivity of G. soli pili was 107 very comparable to that of G. sulfurreducens pili. Additionally, the diameter of G. soli 108 pili was approximately 3 nm, the same as that of G. sulfurreducens pili ( Fig. 2c ). 109
To investigate the role of G. soli pili in extracellular electron transfer, the gene 110 pilA, encoding the pilin protein, was deleted, which prevented the expression of 111 lateral pili ( Fig. 2d and 2e ). The rate of soluble Fe(III) citrate reduction of the PilA-112 deficient mutant was similar to that of the wild-type strain ( Fig. 3a ), but the rate of 113 insoluble Fe(III) oxide reduction decreased from 0.77 mM/day to 0.18 mM/day ( Fig.  114 3b). Likewise, the PilA-deficient mutant also lost the capacity for electron transfer to 115 an anode electrode ( Fig. 3c ) and formed a thinner biofilm than the wild-type strain 116 ( Fig. 3d and 3e ). 117
Heterologously expressing the pilin gene of G. soli in G. sulfurreducens yielded 118 strain GSP, which produced abundant pili but was deficient in Fe(III) oxide 119 reduction and current production. The pilA gene of G. sulfurreducens was replaced 120 with the pilA gene of G. soli following previously described methods that have 121 successfully approached the heterologous expression of pilA genes from other 122 microorganisms in G. sulfurreducens (16, 17, 23, 24) . Heterologously expressing the 123 pilA gene of G. soli in G. sulfurreducens yielded a G. sulfurreducens strain, 124 designated strain GSP (for G. soli pili). Strain GSP produced abundant pili ( Fig. 4 and 125 sulfurreducens was smaller and less than one order of magnitude, which suggests that 128 their conductivity was comparable. The pilA transcription of strain GSP was analyzed, 129 which further confirmed the expression of heterologous pili (supplementary Fig. S3 ). 130
Strain GSP reduced Fe(III) citrate at a similar rate to the control strain, but the 131 capability of reducing insoluble Fe(III) oxide was severely damaged. The data showed 132 that the control strain produced Fe(II) at a rate of 0.27 mM/day, while the rate 133 decreased to 0.04 mM/day for strain GSP ( Fig. 6a and 6b ). Similarly, strain GSP 134 produced a current density that decreased by 10-fold and formed thinner biofilms than 135 the control strain ( Fig. 6c, d and e). The extracellular protein and extracellular 136 cytochrome content of extracellular polymeric substances (EPS) extracted from the 137 anode biofilm of strain GSP was significantly lower than that of the control strain 138 ( Fig. 7a and 7b) , which corresponded to a lower current production and thinner 139 biofilm ( Fig. 6c and 6e ). 140
Heterologous pili of G. sulfurreducens altered the content of outer-surface c-type 141
cytochromes. Previous studies have demonstrated that heterologously expressing pilA 142 in G. sulfurreducens did not alter the distribution of extracellular cytochromes (24) , 143 consistent with our results in the present study ( Fig. 8 ). However, several bands from 144 strain GSP exhibited slightly different stain intensities compared with the wild-type 145 strain. Outer-surface c-type cytochrome OmcS showed distinct staining intensity. Two 146 trans-outer membrane porin-cytochrome protein complexes of OmcB and OmcC, 147 which are responsible for transferring electrons across the outer membrane to Fe(III) 148 oxide, showed slight staining intensity (15, 25) . 149
The transcript abundance of the outer-surface c-type cytochrome gene of strain 150 GSP changed significantly compared with the wild-type strain ( Fig. 9 ). The 151 abundance of omcS transcripts increased by two-fold, consistent with increased 152 expression of OmcS ( Fig. 8 ). OmcE, with 62.6% amino acid sequence identity to 153
OmcS, remained the similar transcript abundance. Both OmcS and OmcE are known 154
as key components in Fe(III) oxides and Mn(IV) oxides reduction (14) . On the other 155 hand, the abundance of omcB and omcZ transcripts was reduced 48.4 and 63. 3 times, 156 which involved in Fe(III) oxides reduction and current production (13, 15) . The 157 changes in the expression levels of omcB and omcZ corresponded to their 158 transcription abundance ( Fig. 8 and Fig. 9 ). 159
Discussion
160
In general, there are three procedures to verify the e-pili of diverse 161 microorganisms: (i) determining the protein composition of the filaments (2); (ii) 162 proving that the filaments are required for extracellular electron transfer (16) ; and (iii) 163 documenting the conductivity of the filaments under physiologically relevant 164 conditions (2) . G. soli, closely related to G. sulfurreducens, has a similar pilin gene as 165 G. sulfurreducens that encodes e-pili (22) . The direct deletion of the pilin gene of G. 166 soli demonstrated that G. soli pili is required for electron transport to Fe(III) oxides 167 and electrodes, which plays an important role in extracellular electron transfer, 168 consistent with G. sulfurreducens and G. metallireducens (4, 5, 9) . Direct 169 measurement showed that the conductivity of G. soli pili is similar to that of G. 170 sulfurreducens pili ( Fig. 1 and Fig. 5 ), which suggested that G. soli pili is sufficiently 171 conductive along its length (10). The above results proved that G. soli has e-pili, 172 corresponding to the definition, which is the next model of e-pili after the studies of 173 been suggested that heterologously expressing pilin genes in G. sulfurreducens is a 193 productive approach to yield pili, whose conductivity depends on the densities of 194 aromatic amino acids of the pilin genes of the target microorganism (17) . For 195 example, introducing more aromatic rings of synthetic pilin monomers in G. 196 sulfurreducens yields pili with higher conductivity than its host (26) . In contrast, 197 when the key aromatic amino acids of e-pili were substituted for alanine, the 198 decreased content of aromatic amino acids of the pilin gene resulted in poor 199 conductivity of pili (27) . Additionally, the G. sulfurreducens strain heterologously 200 expressing the pili monomer of Desulfofervidus auxilii, which has a lower density of 201 aromatic amino acids than the native e-pili, produced pili with low conductivity (16) . 202 Surprisingly, G. sulfurreducens strain GSP, heterologously expressing the pilin 203 gene of G. soli, showed inhibited Fe(III) oxide reduction and electron transfer to an 204 electrode. In addition to e-pili being essential for extracellular electron transfer (28, 205 29) , the content (30) and composition of c-type cytochromes (13) (14) (15) 31) are also 206 important for extracellular electron transfer. For example, the outer-surface c-type 207 cytochrome OmcZ accumulates at the biofilm-electrode interface and plays a role as 208 an electrochemical gate to facilitate the production of a high-density current and the 209 formation of a thick biofilm (13, 32) , and the outer-membrane c-type cytochrome 210
OmcB is required for electron transfer to Fe(III) oxides (15) . Previous studies have 211 found that pili of G. sulfurreducens, including heterologous pili, are closely related to 212 the expression of extracellular cytochromes (24, 29, 33) . Direct evidence has shown 213 that the deletion of G. sulfurreducens e-pili alters the distribution and composition of 214 extracellular cytochromes (29, 33) . Additionally, G. sulfurreducens e-pili is important 215 for the localization of cytochromes, such as the outer-surface cytochrome OmcS (34) , 216 and the organization and anchoring of cytochromes to form thick biofilms and 217 produce high currents (29, 35) . Therefore, the results of further investigation on the 218 expression of the outer-surface c-type cytochromes of strain GSP indicated that the 219 heterologous pili of G. sulfurreducens reduced the content of outer-surface c-type 220 cytochromes and consequently decreased Fe(III) oxide reduction and current 221 production, which suggested that the content of outer-surface c-type cytochromes 222 should be further researched when heterologous pili are expressed in G. 223
sulfurreducens. 224
A number of outer membrane cytochromes are anchored to the extracellular 225 polysaccharide network (36) , particularly OmcZ, which is loosely bound to the 226 extracellular matrix (32) . Localization of type IV pili has been found to be correlated 227 with extracellular polysaccharide in Myxococcus xanthus. The deletion of pilA, which 228 encodes the type IV pilin of M. xanthus, prevented extracellular polysaccharide 229 production (37, 38) . Native PilA was not detected in a xapD-deficient strain of G. 230 sulfurreducens with decreased expression of extracellular polysaccharide (36, 39) . 231
Thus, it can be speculated that PilA regulates the expression and colonization of 232 extracellular polysaccharides, which affects the expression level of extracellular 233 cytochromes. The low content of extracellular polymeric substances in strain GSP 234 might explain the decrease in the expression level of outer membrane c-type 235 cytochromes ( Fig. 7a and 7b) . Heterologous expression of pilin genes from difficult-to-culture microorganisms 247 offers a simple screening strategy to evaluate pili involved in extracellular electron 248 transfer (16) . The requirement of e-pili in G. sulfurreducens for the production of high 249 current densities provides a clear phenotype to test the hypothesis that the 250 heterologous pili gene encodes e-pili (16) . However, the results of evaluating whether 251 G. soli pili is electrically conductive by direct deletion and heterologous expression 252 were different, which suggests that caution should be taken to determine whether e-253 13 pili of the target microorganism mediate extracellular electron transfer when a G. 254 sulfurreducens strain with heterologously expressed pili produces low current 255 densities. For example, the pilin gene of Desulfofervidus auxilii was heterologously 256 expressed in G. sulfurreducens to yield a strain that produced low current densities 257 with relatively thin biofilms, and the analysis suggested that the hypothesis that the 258 sulfate reducer wires itself to ANME-1 microbes with e-pili be reevaluated (16) . 259
However, it is not rigorous to assume that the low current densities of this strain 260 resulted from the lack of e-pili because G. sulfurreducens has diverse electron transfer 261 routes for current production (42) , and further research on c-type cytochromes (32) is 262 lacking. After all, pili of the sulfate reducer was highly expressed in syntrophic 263 consortia (43) . Therefore, it is insufficient to evaluate whether D. auxilii pili mediate 264 direct electron transfer to its partner ANME-1 (16) . This suggested that the method of 265 heterologously expressing pilin genes of phylogenetically diverse microorganisms in 266
G. sulfurreducens to screen e-pili via evaluation of high current densities should be 267
revisited. 268
This study found that G. soli pili is electrically conductive and participate in 269 Fe(III) oxide reduction and electron transfer to an electrode, as previously reported in 270 G. sulfurreducens and G. metallireducens (9, 44) 
Materials and methods
281
Bacterial strains, plasmids and cultivation conditions All bacterial strains and 282 plasmids used in this study are summarized in Table S1 in the supplemental material. 283
The wild-type strain G. sulfurreducens PCA (DSM 12127) was purchased from the 284 German Collection of Microorganisms and Cell Culture. G. soli GSS01 was provided 285 by Zhou's lab (20) . Both strains were cultured at 30 °C under strict anaerobic 286 conditions (80%/20%; N2/CO2) and used for the construction of related mutants. G. 287 sulfurreducens was routinely cultured in mineral-based medium containing acetate 288 (15 mM) as the electron donor and fumarate (40 mM) as the electron acceptor, as 289 previously described (45) . G. soli was cultured in freshwater medium (46) Table S2 . Deletion by single-step gene replacement of pilA is 296 summarized in Figure S6 . Construction of the pilA::Emr r allele was performed 297 following a protocol previously described (13) . The erythromycin resistance cassette 298 flanked by loxP sites was constructed as follows: the primer pair gmf/gmr was used to 299 amplify the gentamycin resistance cassette flanked by loxp sites from the plasmid 300 pCM351 (33) . The PCR products were TA cloned into pMD TM G. soli was made electrocompetent following a protocol previously described (9) . Ice-315 cold freshly prepared competent cells (25 μl) were mixed with 4.5 μg of linear DNA 316 and transferred to 0.1 cm-gap electroporation cuvettes (Bio-Rad, CA, USA). A pulse 317 of 1.5 kV was applied to the cuvette with a MicroPulser electroporation apparatus 318 (Bio-Rad, CA, USA). Immediately following electroporation, cells were transferred to 319 an anaerobic pressure tube containing 10 ml of acetate-Fe(III) citrate medium with 320 ferrous ammonium sulfate and yeast extract. The electroporated cells were allowed to 321 recover for 18 h at 30 °C and then spread on citrate Fe(III) solid plates supplemented 322 with 200 μg/ml erythromycin. 323 A single colony was selected then verified using the primer pair 324
VerEmrF/VerGS01PilAR to confirm that the erythromycin-resistant gene was 325 integrated into the GSS01 chromosome (Fig. S2) . The primer pair GS01PilAF-326 QPCR/GS01PilAR-QPCR was used to confirm that the coding sequence of pilA was 327 deleted from the GSS01 chromosome. The primer pair VerpUC19F/VerpUC19R was 328 used to confirm that there was no circular plasmid in the GSS01 chromosome. 329
Heterologously expressing e-pili of G. soli in G. sulfurreducens Strain GSP was 330 constructed from G. sulfurreducens by using a previously described approach for the 331 expression of heterologous pilA genes ( Fig. S6) (24) The plasmid was verified by Sanger sequencing, linearized with ScaI (NEB, MA, 343 USA), and electroporated into electrocompetent G. sulfurreducens as previously 344 described (45) . 345
The primer pair gmm/GS01PilAR was used to verify the gentamycin resistance gene 346 in the positive recombinant strains (Fig. S2) . The primer pair PilAf/PilAr was used to 347 confirm that the pilA gene of G. soli was replaced with the pilA gene of G. linearized using ScaI and transferred to competent cells for electroporation as 357 previously described (45) . 358
The primer pair gmm/PilASNPDNR was used to verify the gentamycin resistance 359 gene in mutant strains, while the wild-type strain had no product. The primer pair 360
PilAf/PilAr was used as a positive control in the control strain and the wild-type 361 strain. All mutant strains were verified by PCR ( Fig. S2) and Sanger sequencing. 362 RNA extraction and RT-qPCR All strains were grown to the late-log stage in NBAF 363 medium with the same OD600 as previously described (45) . Cells were harvested by 364 centrifugation and then frozen with liquid nitrogen. RNA was extracted with a 365 Bacterial RNA Extraction Kit and was immediately reverse-transcribed into cDNA 366 using a PrimeScript TM RT-PCR Kit (TAKARA, Daliang, China). The common primer 367 pair GSPilACF/GSPilACR was used to test genomic DNA contamination. The primer 368 pair PilAf/PilAr was used to identify the transcription of pilin in the wild-type and 369 control strains, and the primer pair GS01PilAF-QPCR/GS01PilAR-QPCR was used 370 to test the transcription of recombinant pilin in the GSP strain. PCR products and 371 extracted RNA were analyzed on a 1.5% agarose/TAE gel (Fig. S3 ). 372
Transcripts for key extracellular c-type cytochromes were quantified by reverse 373 transcription-quantitative PCR (RT-qPCR). The gene targets were outer membrane c-374 type cytochromes omcB (GSU2737), omcE (GSU0618), omcS (GSU2504) and omcZ 375 (GSU2078). The housekeeping gene proC was used as a control as previously 376 described (13) . RT-qPCR was performed using CFX Connect (Bio-Rad, CA, USA) 377 and the primers listed in Table S2 . The relative fold change of expression for each 378 target gene versus the proC internal control for each strain versus the wild-type strain 379 was then calculated with the formula 2 -ΔΔCT for four replicate samples. Statistically 380 significant changes in gene expression relative to the control gene were determined by 381 analysis of variance. 382 TEM and CSLM Anode-grown cells were examined with transmission electron 383 microscopy. Samples were negatively stained with 2% uranyl acetate and imaged by a 384 HITACHI H-7650 transmission electron microscope at an accelerating voltage of 80 385 kV. The anode biofilms were rinsed with freshwater medium and stained with a 386 LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific, NY, USA) 387 when the currents reached the maximum value (47) . A confocal scanning laser 388 microscope (ZEISS LSM T-PMT) with a 20× objective lens was used for imaging. 389
Pili preparation and conductivity measurements by CP-AFM Pili from the anode 390 biofilm of wild-type G. soli, wild-type G. sulfurreducens, and strain GSP were 391 purified in ethanolamine buffer by two centrifugations as previously described (17) . 392
The final pili preparation was resuspended in ethanolamine buffer and stored at 4 °C. 393
The pili in ethanolamine buffer were deposited on the surface of freshly cleaved 394 highly oriented pyrolytic graphite (HOPG) to probe the transversal conductivity of 395 hydrated pili by conductive probe-atomic force microscopy (CP-AFM) as previously 396 described (29, 48) . HOPG coated with the samples was electrically connected to a 397 CP-AFM system (Fastscan, Bruker, German) with silver paint. The CP-AFM tip was 398 used for scanning and imaging the pili of individual samples in the peak force tapping 399 mode (Fig. S4 ). The transversal conductivity of different points along each pilus 400 filament was measured by the CP-AFM tip. At least three current-voltage (I-V) curves 401 were obtained at different points while applying a bias voltage within the ± 1 V range 402 (10 nN force, 0.5 Hz rate). The electrical resistance (R) at different points of each 403 pilus was calculated from the linear portion of each I-V curve, as described elsewhere 404 (49) , and the average and s.d. of all the resistance values were used to compare the 405 conductivity of the pili from the different strains. 406
Current production, Fe(III) reduction and Heme-staining of SDS-PAGE A two-407
chambered H-cell three-electrode system with acetate (15 mM) as the electron donor 408 and graphite plate (15 cm 2 ) as the electron acceptor was used to characterize the 409 current production of each strain (13) . The system was connected with a potentiostat 410 (CH Instruments Ins., Shanghai, China) to record the current data, and the working 411 electrode was poised at +300 mV versus Ag/AgCl. The different strains were grown 412 to mid-log and inoculated into the working chamber; then, the systems were operated 413 for a total of four cycles in sequencing batch mode (9) . 414 For Fe(III) reduction studies, Fe(III) citrate (56 mM) or synthetic ferrihydrite (100 415 mM) served as the sole electron acceptor, and acetate (15 mM) served as the electron 416 donor. Fe(Ⅱ) production was measured with a ferrozine assay (50) . 417
Extracellular proteins were collected from late-log cells grown in NBAF medium as 418 previously described (14) and quantified using the Pierce TM BCA Protein Assay Kit 419 (Thermo Fisher Scientific, MA, USA). The amount of non-reducing loading buffer 420 was used to equal the amount of protein. The samples were loaded on 4-20% 421
BeyGel TM Plus PAGE (Beyotime, Shanghai, China) and heme-stained (51) . 422
Assays for extracellular cytochrome content in extracted EPS of biofilm The EPS 423 of biofilms were extracted using a previously modified method (52, 53) . The biofilm 424 was gently scraped off the graphite plate and dissolved in 3 ml of 0.9% (w/v) NaCl 425 solution. The sample was vortexed in a tube for 5 min at setting 10 to disperse the 426 cells. Then, an equal volume of 2% Na2-EDTA (53.7 mM, pH 7.0, in 0.9% NaCl) was 427 mixed with cells at 4 °C for 3 h and centrifuged at 5,000 g for 20 min. The 428 supernatant was filtered through a 0.22 μm membrane filter. 429
The EPS of Geobacter biofilms contain abundant extracellular cytochromes, and the 430 reduced extracellular cytochromes represent the ability to deliver electrons to 431 extracellular electron acceptors. The extracellular cytochrome content of EPS was 432 determined using ultraviolet-visible spectroscopy (UV-2600, Shimadzu, Japan) from 433 350 nm to 650 nm as previously described (29) . Reduced spectra at 552 nm after 434 adding dithionite as a reducing agent anaerobically were used to estimate the 435 extracellular cytochrome content in extracted EPS of biofilms (54) (Fig. S5) (c) Pili-defective mutant has lower current production than wild-type strain. The biofilm of pilidefective mutant (d) was thinner than wild-type strain (e). Fig. 4 The characteristic of control strain and strain GSP pili. Transmission electron micrographs of negatively stained control strain (a) and strain GSP (e). CP-AFM topography images of pili purified from control strain (b) and strain GSP (f) deposited on a HOPG surface. The diameter of control strain (c) and strain GSP pili (g). Representative current-voltage (I-V) plots obtained after probing the transversal conductivity of control strain (d) and strain GSP pili (h). Fig.5 The resistances of pili obtained from G. sulfurreducens control strain, strain GSP and G. soli GSS01 (wild-type strain). 
